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Electron-lattice coupling parameters and oscillator strengths
of cerium-doped lutetium oxyorthosilicate
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Optical absorption of single-crystal, cerium-doped lutetium oxyorthosilicate has been carefully measured in
the temperature interval 10—300 K. Prominent Gaussian absorption peaks occur at@®er&2eV (peak a,
3.502+0.002 eV(peak b, 4.236+0.0002 eV(peak ¢, and 4.746-0.0002 eV(peak d, in excellent agreement
with previously reported excitation spectra. The second moments are well described by the usual linear model,
yielding the Huang-Rhys paramet@) and vibrational quantum energies for the individual peaks. All absorp-
tion bands are characterized 8% 5 indicating strong coupling between the3Céon and lattice. Temperature
dependence of the band centroids exhibits contrasting behavior that is dominated by higher-order coupling
terms in the linear harmonic oscillator model or by crystal-field effects. Oscillator strengths of théd}
transitions are calculated from Smakula’s formula and knowledge of tRé distribution between the two
crystallographically inequivalent sites. Values for peaks b, ¢, and d range from approximately 0.003 to 0.004,
and peak a spans magnitude approximately 0.012 to 0.018. From the known correlation between average
Ce"-ion-ligand distance and oscillator strength, we tentatively conclude that peak a is correlated with the
seven-oxygen-coordinated site, and peaks b, ¢, and d are associated with the six-oxygen-coordinated site.
These results support the previously proposed two-activation-center model and identify the centers as the two
crystallographically inequivalent substitutional sites.

[. INTRODUCTION characterized by maxima at 393 and 427 (@el and 460
nm (Ce2. Moreover, it was shown that Ce2 emission is
Optical properties and luminescence mechanisms ofveak and obscured by the more intense Cel emission for
cerium-doped lutetium oxyorthosilicat&u,SiOs:Ce, here- temperatures above 80 K. The double-peaked emission from
after referred to as LSQare of considerable interest owing €€l was attributed to electronic deexcitation from the lowest
to its importance as a promising new scintillatof.Charac- ~ crystal-field level split level of the & manifold to the spin-
terized by excellent light yield, relatively high densitg.4  Orbit split 4f doublet. Excitationabsorption peaks at 263,

glcn®), and fast decay timé~40 ng, LSO is one of a class 296, and 356 nm were correlated with the emission of Cel,
of cerium-doped oxyorthosilicates that is currently being in-Whereas peaks at 326 and 376 nm were associated with Ce2

emission.

A simplified energy level structure of the €eion (4f%)
consists of the excited-statel 3evel, comprised of five lines
with energy spacing approximately 0.35 eV, and tliedéu-

vestigated for use in myriad scintillator applicatiérResults
of various experimental studies, including thermally stimu-
lated luminescenc&?® optical absorptiod;? emission, and

excitation spectrd,have established that electronic transi- . o )
tions of the L#*-substituted C& ions are responsible for blet ground state with energy splitting approximately 0.25
eV.1° The positions of the excited-state energy levels with

the strong absorption and emission of LSO. However, fun- i
damental properties of the Ce-ion-lattice interaction are no espect to the bottom_of the conductu_)n barkty 6.5 eV)
ave not been unambiguously determified.

currently understood. In the present work we carefully exam-
ine temperature-dependent optical-absorption data on highly
polished, single-crystal specimens and extract vibrational
quantum energy, electron-lattice coupling magnitude
(Huang-Rhys parameterand oscillator strengths of the Single-crystal specimens of LSO were extracted from a
prominent optical transitions. Analysis of the data providesboule grown by the usual Czochralski methddCerium
insight into the identification of the sites associated with eacltoncentration in the melt was 0.25 at. % relative to*L;u
absorption band. however, because the Ce ion is much larger than{1.034
The incorporation of Ce ions into the host lattice, vs 0.848 A there is a much smaller concentration in the final
Lu,SiOs, purportedly occurs via substitution for 1 with ~ sample. Using the reported crystal-to-melt distribution coef-
Ce presumably having thet3oxidation staté. The crystal  ficient 0.22(Ref. 1), we calculate the sample cerium content
symmetry is monoclinic with space group2/c; Ce ions to be 0.055 at. %.
occupy two crystallographically inequivalent cation sites A sample of dimensions 1 ¢i0.065cm thickness was
with coordination number 6 or 7. Suzukt al® have mea- optically polished to obtain parallel opposing faces with an
sured the excitation spectra of LSO and concluded that thems surface roughness of 0.7 nm. Optical-absorption mea-
corresponding emission emanates from the two Ce sitesurements were made with a Cang Spectrophotometer
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modified to accommodate an optical cryostat for obtainingwas analyzed only at 10 K to determine its Gaussian-fitted
data in the temperature interval 10—300 K. Data were takepeak position (3.8210.004 eV).
at 10 and 20 K, and at each 20-K interval thereafter up to 300 The best fit at 10 K to the main feature near 3.4 eV was
K. Sample temperature was measured with a carbon-glasbhtained with two Gaussians exhibiting maxima at 3.432
resistor and controlled to withirt2 K of each set pointby a +0.002eV (peak a and 3.502-0.002eV (peak B with
LakeShore Cryotronics Model 340 temperature controllergoodness of fit 0.998. Experimental spectral resolution was
After reaching each set point, and prior to making the=0.5 nm for all wavelengths; quoted errors are statistical and
optical-absorption measurement, the sample was maintainetkrived from the fitting procedure. Attempts to fit the spectra
at that value for 10 min to ensure that thermal equilibriumwith a Lorentzian function to account for possible spectral
had been attained. Raw data were acquired as absorbariifetime broadening yielded poor results, as did combinations
and plotted as decadic absorption coefficieat (« of Gaussian and LorentziafVoigt) line shapes. The two
=0.4343¢, wherex is the absorption coefficient to basg  remaining principal absorption bands exhibited similar be-
Vs energy*? havior; at 10 K their Gaussian maxima were 4.236
+0.0002 eV (peak ¢ and 4.746-0.0002 eV (peak d with
IIl. RESULTS AND DISCUSSION goodness of fit 0.999. We conclude therefore that'den
o ] _ _optical absorption in LSO is Gaussian and that the strongest
Shown in Fig. 1 are representative optical-absorptionghsorption band is actually two overlapping bands, rather
spectra of LSO taken at 1@otted ling and 300 K(solid  than one as usually reported. The current results are in ex-
line). Four peaks occurring near 3.4, 4.2, 4.7, and 5.7 eV arge|lent agreement with the excitation spectra reported by Su-
observed at all temperatures; fd=100K an additional zykj et al? Comparing our present optical-absorption data to
maximum appears near 6.2 eV and fb=100K a small  thejr excitation spectra, we conclude that absorption peaks
peak is resolved near 3.8 eV. The band edge at 300 K igjith maxima at 3.432 and 3.821 eV are associated with Ce2,
approximately 6.5 eV, but shifts to slightly higher values asand peaks with maxima at 3.502, 4.236, and 4.746 eV are
temperature decreases. Overall, the spectra are very similagsociated with absorption of Cel.
to those previously reported by other researchéfstHow- Having established that LSO absorption is Gaussian and
ever, careful analysis of the spectra reveal that the main pe%mprised of components from two cerium sites, we now
near 3.4 eV is not a single peak but is comprised of tWognalyze the temperature dependence of the Gaussian-fitted
closely spaced peaks as shown in Fig. 2. The solid line is thgpectral moments to determine ion-lattice coupling param-
10-K spectrum and the dotted lines are Gaussian fits with @ters and oscillator strengths of the prominent absorption
linear baseline. All spectral fitting was done with the com-pan(s.
mercial software packagerAams/32® (Ref. 13 utilizing the
Levenberg-Marquardt nonlinear least-squares routine. We
have limited our analysis to the prominent spectral features
consisting of two closely spaced peaks near 3.4 eV and the Configuration-coordinate models are frequently used to

single peaks near 4.2 and 4.7 eV. The weak peak near 3.8 edescribe optical processes in solids and have been thor-
oughly discussed in the literatutA principal result is that

the ground-state energy level of the impurity ion can, to first

A. Electron-lattice coupling parameters
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FIG. 1. Optical absorption of LSO taken at 300(kolid line)
and 10 K(dotted ling. The ordinate refers to the decadic absorption  FIG. 2. 10-K absorption spectrurgsolid line) of LSO with
coefficienta of the 0.65-mme-thick single-crystal specimen. Gaussian fitgdotted line$ to the four prominent peaks.
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0.45 TABLE |. Electron-lattice coupling parameters.
0.4 | ’ W(0) ® Wexc E,—E;
- d Peak (eV) (108s™h (108s7Y (ev) S
0.35 | (‘4((
- * ’/‘ a 0.105 2.74 4.83 3.422 6.1
S 03 faggrert—— 3 b 0156 385 6.77 3489 638
; [ c 0.242 4.06 14.7
B 025 o d 0.297 5.17 13.7
— [ b —.)/
= 0.2
x . p BN
= 015 Lan_e rare T ad very weak and usually not detected in the specttfirarge
o - —.‘.’L’r.. a Svalues also imply a large Stokes shift, which for LSO is
01 HAE_B ~0.50 eV.
Tt Temperature variations in the first momeftentroids of
0.05 | the four absorption peaks are shown by the filled symbols in
. Fig. 4 (error bars are smaller than the plot symbolal-
0 L L - TS SN S though the upturn of peaks a and b with increasing tempera-
0 50 100 150 200 250 300 ture is in striking contrast to the downturn of peaks ¢ and d,
TEMPERATURE (K) similar effects have been seen in transition-metal fSr&he

frequency of the optical-absorption transition depends on the
FIG. 3. Temperature dependence of second moniegtsbol3  strengthA =10Dq of the crystalline electric field, which, in
of major peaks in LSO with fitglines) to the standard linear model. turn, depends on the spatial separat®mf the absorbing
a, b, ¢, and d refer to the peaks shown in Fig. 2. ions and the surrounding ligands. Of couRevaries with
temperature through the thermal expansion coefficient.
approximation, be described as a classical quantum-
mechanical harmonic oscillator with quantum energy spac-

ing %w. This “linear model” assumes identical vibrational 475 3T
frequencies of the ground and excited states. An important i e .
prediction of this model is that the widfsecond momenbf - d .
the absorption band, taken as the full width at half maximum i ? e
(FWHM) and measured as a function of temperature, obeys - ¢ . .
the relatlon 4'7 I ] I | | ) O I b Ll Ll
ho | |12 4.24
W(T)=W(0)| coth =—| | . (1) [AA ATA 4 4,
2kT Ala
L ¢ A, R
For a Gaussian line shape this is written S i Ala N
L i A
© 1/2 94-19 SN N N T N T T S5 T N N R T T T T M S S S U |
W(T)=fw|8SIn2coth =—| | , 2) 2
2kT =
E 354
I,

where S is a dimensionless measure of the electron-lattice © |
coupling magnitude and referred to as the Huang-Rhys M-.—/

15 i L
factor’ ct—rf"'T*"
The filled symbols in Fig. 3 are the temperature- 349 b b Vel 1l

dependent second moments extracted from the Gaussian

fitted data of the four prominent absorption peaks illustrated 3.47
in Fig. 2. Errors are smaller than the plot symbols and the
designations a—d refer to the individual peaks in order of | -
increasing maximum absorption energy. The solid lines rep- i
resent best fits of the data to E&) from which the electron- | -
lattice coupling parameteks andS are extracted; the results 32 b i o L b 1 L
are listed in Table ISvalues for peaks a and(6.1 and 6.8, 0 50 100 150 200 250 300
respectively are considerably smaller than those of peaks ¢

and d(14.7 and 13.7, respectivelyindicating their excited- TEMPERATURE (K)

state energy levels are less diffuse than those associated with

the latter peak$? Similar studies ofF * centers in MgO, FIG. 4. Temperature dependence of first momésysnbols for
CaO, and SrO repos$ values ranging from 13 to 3(Ref.  peaks a—d. The solid lines for peaks a and b are fits to the modified
17). Systems characterized b$>5 are in the strong- linear model, which includes higher-order, impurity-ion coupling
coupling regime whereby the zero-vibrational transition isterms.
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Whether the transitions shift to the red or blue with increas-in the present work we assign the Ce distribution as 80% to
ing temperature depends on the slaif&dA of theEvs A  site Cel and 20% to site Ce2. Using our calculated formula
curve (Tanabe-Sugano diagranwith a negative slope shift- volume we obtain concentrations fof Cel]=4.290
ing the transition toward the blue portion of the spectrum.x 10'¥cm™2 and[CeZ=1.073x 108cm 3.
Although details of the crystalline field and corresponding From our measured Gaussian absorption bands and the
Tanabe-Sugano diagrams foriCéons in LSO are presently known index of refractioh (n=1.82), we calculate the os-
unavailable, it is plausible that the results shown in Fig. 4 areillator strengths of the four major bands as a function of
at least partially attributable to crystal-field effects. temperature. The results, shown in Fig. 5, indicate a weak
Higher-order coupling terms are also known to contributetemperature dependence for peaks b, ¢, and d but a relatively
a temperature-dependent shift to the first moment of amstrong dependence for peak a. Recall that peak a is associ-
optical-absorption bantl. Rather than assume the averageated with site Ce2, whereas the three remaining peaks are
vibrational frequencies of the ground and excited states to bassociated with site Cel. The oscillator strengths of peaks b,
identical, one can include the effects of higher-order cou<, and d are approximately twice as large as those reported
pling terms by introducing a different frequeney,. for the  for the strongest bands in cerium-doped L aF 300 K, and
excited state. The centroid position is then given by the strength of peak a absorption is nearly ten times ldfger.
. A comparison of 4—5d calculated and observed oscillator
w
Cmr( 2KkT

strengths for C& in various host lattices has been compiled
whereE,—E; is the energy difference between the ground

by Williams et al?
. o ) : nd emission of site Ce2 is due to Ce ions residing in a
and excited states at the zero position of the conflguratlonag 9

2

w
My(T)=E,~E+ o] ——1 )

A currently unresolved question is whether the absorption
: e . ) — 7 Substitutional site(with different oxygen coordination as
_coordm_ate.tPeakse;and bde)f(_?'b't an mcrealllse in (;]entrmk()j wit ompared to site Célor in an interstitial positiod Al-
INcreasing temperature and fi E(q)_very Wel, as shown by hough our present data do not allow unambiguous resolution
the solid lines in Fig. 4. The excited-state frequencies an

gif derived f the fit listed in Table | f this key issue, they provide evidence in favor of the sub-
energy diiferences derived from the it are fisted In Table L. g4y tional site. Mainly, we note that the oscillator strength of

peak a is 3—6 times greater than any of the other peaks and
B. Absorption band oscillator strengths that it is associated with site Ce2. Willianas al?® note that
The integrated absorption of an optical transition is re-variations inf are most obviously correlated with the average
lated to the concentration of absorbing centsysindex of ~ C€'-ion-ligand distance, and, in general, a smaller separa-

refraction n, and oscillator strengthi by the well-known tion corresponds to a smalléwalue relative to the expected
Smakula formul&d free-ion value. To see how this correlation arises we express

f in quantum-mechanical terms:
n
Nf=8.21x 10'° cm*3(n2+—2)2f a(E)d(E), (4

:8772mVnm|<n|M|m>|2

wherea is the decadic absorption coefficient in chand E nm 3e’h ' ™
is energy in eV. For Gaussian absorption bands the integral
is
0.02
1 T [
2 Ving @ma (5) 0.018 [ S
with maximum absorptiom and full width at half maximum £ 0.016 | , .
i U : [
W. Equation(4) can be expressed as = 0014 | . "™ [
c B a T
n |m H
Nf=8.7¢ 10" cm 3—r—— apaW. 6 & 0.012 R ]
(n“+2) o P
S 0.006
. . = -
To compute the oscillator strengths of the four major ab- < ‘o b
. . . - | ®0 o (@ ® 0 9
sorption peaks in LSO we first calculate the*Ceoncentra- = 0.004 ® | . —:
tions associated with Cel and Ce2 sites. The formula weigh 22 2(s2 222t adanfed
of LSO is 458.017 g and density is 7.42 gfswhich yields ~— © 5 [ c
a formula volume of 1.028 10" ??cm?® (containing two rare- 0.002
earth sites The actual C& concentration in the sample is a i
product of the melt concentratiof®.25% and segregation oVl
coefficient (0.22, viz., 0.055%; however, cerium is not 0 50 100 150 200 250 300
evenly distributed between the two crystallographically in- TEMPERATURE (K)

equivalent sites. Nauet al?! measured the integrated emis-

sion from sites Cel and Ce2 for an LSO sample containing FiG. 5. Temperature dependence of the oscillator strengths for
melt concentration 0.25% and found the ratio to be 4.11peaks a—d. The results suggest that peak a belongs to the seven-
They concluded that this ratio should be a measure of thexygen-coordinated site and the remaining peaks are associated
respective site concentrations, i[gGel]/[Ce2]=4.11. Thus with the six-oxygen-coordinated site.
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where v, is the transition frequency between the states larger seven-coordinated ones. Nevertheless, based on our
andm, and|(n|M|m)|? is the squared dipole matrix element present results we tentatively conclude that absorption peak a
connecting the two statebl is the electric dipole moment; is correlated with the seven-oxygen-coordinated Ce site
in terms of charge density(r) and electron charge we  (Ce2, and peaks b, c, and d are associated with the six-
write oxygen-coordinated Ce sit€Cel). These results strongly
support the two-activation-center model proposed by Suzuki
et al,’ and tentatively identify the two centers as substitu-
M =eJ p(r)rdr. (8 tional sites rather than one substitutional and one interstitial.

It is generally accepted that introduction of a rare-earth ion IV. SUMMARY

into a lattice causes the rare-earth orbitals to expand radially We h ull d th tical ab " ¢
as a result of overlap with ligand orbitals, the expansion € have carelully measure € optical absorption o

being much greater for thedorbitals relative to the shielded ?inglg—crystgl L‘?%in th? temg)erattgre igter(\j/al %Ogjé)goléand
4f orbitals. This differential expansion should lead to a ound prominent >aussian absorption bands a

greatly reduced dipole matrix elemeff|r|5d), especially eV (peak g, 3.502-0.002eV (peak b, 4.236-0.0002eV

given that the respective wave functions have opposite sigr‘(gﬁfggr’eae?gei't? @?;hoiﬂgogfc\é(:t?:nk gb;\gg‘o&]}rgl’]ﬂ exclegl—

for some values of separatior’ he t ture d d fh d i I
This reasoning lends strong support to the suggestion th%—{ emperature dependence of the second moments are we

peak a belongs to one type of Ce center and peaks b, ¢, a scribed by the usual I_inea_r model, from which _the Huang-
d belong to another. As shown in Fig.f5yalues of the latter ys parametefS) and vibrational q“?‘”t“m Energies are ex-
peaks are similar in magnitude but 3—6 times smaller thart\raCted' Al fqur peaks are cha'lracte'nzgd$y5, |nd|_cat|ng
those of peak a, implying a larger Teion-ligand distance strong coupling between the impurity ion and lattice vibra-
for the peak-a Ce site. Although the lattice parameters fofions. as well as a Ia_rge Stokes Sh'ﬁ.' Temp_erature dep_en-
LSO are presently unknown, we expect the averag ence of the absorption band centroids e.thllblt contrastmg
Ce**-ion-ligand distance to be larger for the seven-oxygen- ehavior; peaks a and b show an upturn W'th Increasing tem-
coordinated substitutional site than the six-oxygen site. A erature, Wh‘?re"?‘s peaks ¢ and d eXh't.)'t a doyvnturn. .The
noted by MerengZ yttrium oxyorthosilicate has the same ormer behavior is reasonably well explained by introducing

structure as LSO, the only difference being the size of th‘pigher-order coupling terms into the linear model and allow-

: n . Ing excited-state vibrational frequencies that are different
metal ion5(0.89 and 0.85 A for ¥* and LU, respectively. )J_rom the ground-state frequencies. Crystal-field effects are

The average ion-ligand distances for the seven- and si t likel ible for the behavior of K dd
oxygen-coordinated sites in this system are 2.32 and 2.22 ,ZQWOS Ikely responsible for the behavior of peaks ¢ and d.

respectively. Collectively, these results suggest that absorp- Osgllatgrls’trefngthsl of thde kmajolr C[i:)eaks% mere cglculg_ted
tion peak a is correlated with the seven-oxygen-coordinate om smakuia's formuia and Xnowledge of Ihe cerum is-
site, which has been previously referred to as site Ce2, an ibution among the two c_rystallograpmcally inequivalent
pea,ks b. ¢ and d are associated with the six-oxyéen§'tes' Peaks b, ¢, and d exhibit weak temperature dependence

coordinated site, previously labeled site Cel. Tabulated val\év'(t)% Aftys\'/f]alr values rkangilng r:rc;m taggrc&mgnatelyﬂO.ﬂOOS; :Om
ues off and Cé"-ion-ligand separation for several hosts sug-—"~ . ereas peak a Is characterized by a stronger tem-

gest that variations ihby factors of 3—6 for correspondingly perature dependence and larger magnitude, approximately

small changes in the ion-ligand distance are consistent WitR'OlZ_O'Ol& Ba;ed on the work of W|II|ares+aI., V.Vh'Ch
available dat32 shows a correlation between the average‘@en-ligand

Last, we consider the possibility that Eeions occupy an distance; and oscillatqr strength, we tgntatively conclude that
eabsorptlon peak a is correlated with the seven-oxygen-

coordinated site, and peaks b, ¢, and d are associated with the

six-oxygen site. Furthermore, these results support the previ-

ously proposed two-activation-center model of Suztial®

and identify the centers as the two crystallographically in-

equivalent substitutional sites.

absorption (and emission The expected small
Cée*'-ion-ligand separation for an interstitial site would
likely produce a center with very low oscillator strength and
render detection of an optical transition very difficult at best.
Moreover, it is counterintuitive to expect the dopant’Ce
ions to preferentially occupy the smaller interstitial sites over
the larger substitutional ones, at least until the latter are al-
most filled. However, this statement warrants caution be- This research was conducted under the aegis of the U. S.
cause our present results suggest preferential occupancy DEpartment of Energy and administered by the University of
the smaller six-coordinated substitutional sites over theCalifornia.
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